The transcription and splicing of human immunodeficiency virus type 1 (HIV-1) mRNA in primary blood monocyte-derived macrophages (MDM) and CD4
The transcription and splicing of human immunodeficiency virus type 1 (HIV-1) mRNA in primary blood monocyte-derived macrophages (MDM) and CD4
؉ peripheral blood lymphocytes (PBL) were compared to determine whether any differences might account for the slower noncytopathic infection of cells of the macrophage lineage. The expression of regulatory mRNAs during acute infection of MDM was delayed by about 12 h compared to that of PBL. In each cell type, an increase in spliced viral mRNAs slightly preceded virus production from the culture. Following the peak of productive infection, there was a proportional decrease in the expression of all regulatory mRNAs detected in PBL. In MDM, a dramatic additional decrease specifically in the tat mRNA species heralded a reduction in virus production. This decline in tat mRNA was reflected by a concomitant decrease in Tat activity in the cells and occurred with the same kinetics irrespective of the age of the cells when infected. Addition of exogenous Tat protein elicited a burst of virus production from persistently infected MDM, suggesting that the decrease in virus production from the cultures is a consequence of the reduction in tat mRNA levels. Our results show that modulation of HIV-1 mRNAs in macrophages during long-term infection, which is dependent on the period of infection rather than cell differentiation or maturation, results in a selective reduction of Tat protein levels at the commencement of a persistent, less productive phase of infection. Determination of the mechanism of this mRNA modulation may lead to novel targets for control of replication in these important viral reservoirs.
The human immunodeficiency virus type 1 (HIV-1) genomic RNA undergoes a distinctly complex series of multiple splicing events to produce an array of 22 different 4.0-kb mRNAs for the Env, Vpu, Tat, Vpr, and Vif proteins and 22 different 1.8-kb mRNAs for the Tat, Rev, Vpr, and Nef proteins (38, 44, 47, 48) . These seven viral proteins, encoded by more than 40 alternatively spliced mRNAs, regulate virus replication and important host cell functions and are crucial for HIV-1 infectivity and in vivo pathogenesis. Alterations to the balanced splicing of these HIV mRNAs can have a dramatic impact on viral infectivity and pathogenesis (44) .
The large array of alternatively spliced HIV-1 mRNA primarily results from the differential use of six competing alternative 3Ј splice acceptor (SA) sites (A3, A4c, A4b, A4a, A5, and A7) (4, 28, 44, 47) and the use of two upstream noncoding exons (exons 2 and 3) that alter the 5Ј untranslated region (Fig.  1) . RNA elements called exonic splice silencers (ESS) have been identified in the splice control regions of the genomic RNA that bind cellular heterogeneous nuclear ribonucleoproteins (hnRNPs) of the A, B, and H groups (9, 14, 30) and act to suppress the splicing of adjacent 3Ј SA sites, such as in the second exon of tat (Fig. 1B, exon 4) , the second tat/rev coding exon (exon 7), and noncoding exon 3 downstream of Vpr splice site A2 (2, 6, 57) . Other elements called exonic splice enhancers (1, 57) bind serine/arginine-rich proteins such as ASF/SF2 and SC35 (59, 63) to enhance the splicing of neighboring exons, such as the third tat exon (Fig. 1B, exon 7) . The high level of conservation of 5Ј SD and 3Ј SA sequences among different viral isolates of diverse origins suggests that complex splice regulation is important for efficient viral replication (45, 49) .
The role of the complex HIV-1 RNA-processing control elements in modulating the course of HIV-1 infection of CD4 ϩ T lymphocytes and cells of the macrophage lineage is unclear. Many studies have demonstrated that blood monocytes and tissue macrophages display a characteristically slower, nonlytic, chronic course of infection, in contrast to primary CD4 ϩ T lymphocytes, in which HIV-1 infection is typically rapid, lytic, and highly productive of new virions (11, 41, 46) . Some studies have suggested that the diverse outcomes of HIV-1 infection are due, in part, to different processing of viral RNA by these cells (32, 37, 43, 45) .
However, most of these studies examining RNA splicing during HIV-1 replication have used T-cell lines, primary CD4 ϩ T lymphocytes, or monocytic cell lines in their analyses (32, 43, 45, 47) . Relatively little is known about the control of RNA splicing in acutely or chronically infected primary cells of the macrophage lineage, although these cells are primary targets of HIV-1 infection and are important in the initial transmission event and in maintaining the infection (25, 54, 55) . Freshly isolated monocytes are poorly susceptible to infection in vitro but become increasingly susceptible during differentiation in culture over 5 to 7 days to a macrophage phenotype (52, 53) , at least in part because of the increased expression of the CCR5 coreceptor (40) . Because of the inherent difficulties of obtaining tissue macrophages for study, these in vitro-derived macrophages are often used as a model of their in vivo counterparts. In this study, we examined whether modulation of the large array of alternatively spliced HIV-1 regulatory transcripts correlates with the differential viral replication and expression observed following in vitro infection of primary monocytederived macrophages (MDM) compared to peripheral blood lymphocytes (PBL). This work increases our understanding of HIV-1 infection in macrophages and has the potential to lead to novel therapeutic targets for the control of replication in these important reservoirs.
MATERIALS AND METHODS
Isolation of lymphocytes and monocytes from blood. PBL and monocytes were isolated from HIV-1-seronegative blood cell packs (Red Cross Blood Bank, Melbourne, Australia) by density gradient centrifugation and plastic adherence in 175-cm 2 petri dishes as previously described (52) . The nonadherent PBL were resuspended in RPMI 1640 medium (Gibco BRL, Grand Island, N.Y.) with 10% fetal calf serum, 2 mM L-glutamine (ICN Biomedicals Inc., Costa Mesa, Calif.), and 50 g of gentamicin per ml (RF10) and then stimulated with phytohemagglutinin (2.5 g/ml; Wellcome Diagnostics, Dartford, United Kingdom) for 2 to 3 days prior to infection with HIV-1. Infected PBL were maintained in flasks in RF10 with the addition of interleukin-2 (10 U/ml; Roche, Castle Hill, Australia), and the medium was changed twice weekly. The monocytes were detached from the petri dishes and usually maintained adherent in 24-well plates (Nunc, Naperville, Ill.) in Iscove's medium (Gibco BRL) supplemented with 10% AB/Rh ϩ human serum, glutamine, and gentamicin (IH10) at a concentration of 10 6 monocytes/well. They were then washed thoroughly with phosphate-buffered saline (PBS) and infected 5 to 7 days after isolation, by which time they had differentiated to a macrophage phenotype and were maximally permissive to infection with R5 strains of HIV-1. In one experiment, monocyte-derived macrophages were infected at approximately weekly intervals until 4 weeks after isolation. MDM cultures were given weekly medium changes and maintained under endotoxin-free conditions throughout. Viral strains and infection assays. Replicate wells of 10 6 MDM or cultures of PBL at 2 ϫ 10 6 cells/ml were infected for kinetic studies with the prototype R5 strain, HIV-1 Ba-L (obtained from the AIDS Research and Reference Reagent Program, National Institute of Allergy and Infectious Diseases, National Institutes of Health; high-titer virus stocks produced in peripheral blood mononuclear cells [PBMC] [24] ), or with a recombinant R5 strain, HIV-1 NL(AD8) [supernatant from SW480 cells transfected with pNL(AD8), a stable, full-length molecular clone of pNL4-3 in which the envelope gene has been replaced with that from the macrophage-tropic ADA isolate (58) ]. Cells were incubated with virus for 2 h at a multiplicity of infection (MOI) of 0.1 to 1 infectious particle per cell (assessed by determining the 50% tissue culture-infective dose in MDM), followed by thorough washing with PBS. Virus production was monitored by assaying for virion-associated reverse transcriptase (RT) activity by using [␣-
33 P]TTP incorporation into an oligo(dT)-poly(A) template (micro-RT assay) (60) . To one long-term-infected culture, Tat protein (obtained through the AIDS Research and Reference Reagent Program, National Institute of Allergy and Infectious Diseases, National Institutes of Health, and contributed by J. Brady [7] ), 13-phorbol-12-myristate acetate (PMA; Sigma Chemical Co., St. Louis, Mo.), or tumor necrosis factor alpha (TNF-␣) was added in an attempt to reactivate virus production. Tat (200 ng/well in the presence of 100 g of protamine sulfate per ml to enhance uptake [19] ), PMA (100 ng/ml), and TNF-␣ (100 ng/ml) were added to the culture medium 4 to 5 weeks after infection. Cells were then monitored for a further 2 weeks with a medium change but no replenishment of additives after the first week. Also, to cultures from four different donors, recombinant soluble CD4 (rsCD4; 50 g/ml; a generous gift from Glaxo-SmithKline, King of Prussia, Pa. [13, 53] ) was added immediately after infection with DNase-treated Ba-L (10 U of RNase-free DNase [Roche] per ml of virus stock in 10 mM MgCl 2 for 30 min at room temperature) and HIV-1 replication was assessed by monitoring the accumulation of viral DNA by PCR as described previously (33, 54) .
Bioassay for HIV-1 Tat activity. An assay system consisting of a set of two adenovirus-luciferase reporter vectors, of which one is responsive to HIV-1 Tat protein activity (Ad-HIVluc) and the other is a control vector that is not Tat responsive because of a deletion of the TAR site (Ad-HIV⌬TARluc), was used to assess Tat activity in HIV-infected MDM and PBMC cultures (5) . The vectors were grown and titrated in 293 cells as previously described (5), and then each was used at an equivalent MOI of 100 to superinfect triplicate wells of 96-well plates containing 10 5 MDM or PBMC from three separate donors at twice weekly intervals for 6 and 3 weeks, respectively, following HIV-1 infection. The cells were washed with PBS 48 h after adenovirus superinfection and then lysed in 20 l of cell culture lysis reagent (CCLB; Promega) per well and stored at Ϫ20°C until analyzed for luciferase activity at the completion of the experiment. Luciferase activity was measured by mixing 10 l of cell lysate (undiluted for PBMC lysates and diluted 1:10 in CCLB for MDM lysates) with 50 l of luciferase assay reagent (Promega) and immediate detection of the emitted light in a Triathler luminometer (Perkin-Elmer, Branchburg, N.J.). The presence of Tat activity in this bioassay is indicated by threefold or greater luciferase activity in Ad-HIVluc-infected cells than in those infected at the same time point with Ad-HIV⌬TARluc, which measures the background level of Tat-independent transactivation of the HIV-1 long terminal repeat (LTR) in the cells.
PCR for luciferase DNA. The above-described CCLB lysates (5 l of each replicate pooled) were digested with proteinase K (10 to 15 g; Roche) at 60°C for 1 h and then at 95°C for 10 min. The lysates were then clarified by centrifugation at 13,000 ϫ g for 2 min, and 5 l was used in a PCR with primers specific for the firefly (Photinus pyralis) luciferase TGTAGCC, positions 1780 to 1758 [15] ). The primers were used at a final concentration of 0.4 M in reaction mixtures containing 1.5 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates, and 1 U of Taq polymerase for 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min. The 160-bp PCR products were analyzed by electrophoresis in 2% agarose gels and stained with ethidium bromide, and band intensities upon UV illumination were compared by phosphorimaging (Fuji LAS1000).
Preparation of mRNA and cDNA. Poly(A) ϩ RNA was purified at various time points postinfection with magnetic oligo(dT) 25 Dynabeads (Dynal, Oslo, Norway) at a concentration of 25 l of beads/10 6 cell equivalents. The cells were lysed, incubated for 10 min at room temperature with the oligo(dT) 25 beads, and washed in accordance with the manufacturer's instructions. The RNA was then reverse transcribed to cDNA with a 25-l reaction mixture containing the beadmRNA complex, 1ϫ avian myeloblastosis virus RT buffer, 1 mM deoxynucleoside triphosphates, 1 U of RNasin per l, and 1 U of avian myeloblastosis virus RT per l (all from Promega Corp., Madison, Wis.). Samples were incubated for 1 h at 42°C, the RT mixture was removed, and the beads were resuspended in 100 l of elution solution (2 mM EDTA) before being heated to 95°C for 5 min to remove the mRNA. The cDNA libraries attached to the beads were stored in 10 mM Tris-HCl-1 mM EDTA, pH 7.6, at 4°C for use in subsequent reverse transcription-PCR analyses.
Standardization and amplification of HIV-1 spliced mRNA. To ensure a standard input of cDNA in HIV-specific PCRs, 10 5 cell equivalents of cDNA attached to beads was serially diluted to less than 1 cell equivalent and PCR amplified with primers specific for ␤-actin, BA1/4 (26) . PCR products (360 bp) were detected by electrophoresis in 2% agarose and ethidium bromide staining. Band intensities for all samples were compared by phosphorimaging as described above, and equivalent amounts of the cDNA were used in a subsequent PCR for viral RNA.
Following standardization of the cDNA, we performed semiquantitative analyses for the 1.8-kb class of HIV-1 RNA with 1 M primers Odp45 and Odp32 as described before (44) and for the 4.0-kb mRNA with primers Odp45 and Odp84 (5Ј-TCATTGCCACTGTCTTCTGCTCT-3Ј) in a hot-start PCR (25 cycles of 95°C for 1.5 min, 55°C for 1 min, and 72°C for 2.5 min with a final 7 min at 72°C). One microliter of each amplification product was radiolabeled by performing a single round of PCR as before but with the addition of 10 Ci of [␣-
32 P]dCTP. The labeled samples were subsequently analyzed by electrophoresis through a 6% polyacrylamide-urea gel at sufficient wattage to maintain a temperature of 65°C. Bands were visualized by autoradiography and/or phosphorimaging (Fuji FLA2000). We have shown previously that this protocol preserves the relative proportions of the 1.8-and 4.0-kb classes of HIV-1 RNA (44).
RESULTS

Contribution of multiple rounds of HIV-1 replication to infection in primary MDM and PBL cultures.
Since the kinetic accumulation of spliced HIV-1 RNA might be confounded by asynchronous secondary infection, we used both a relatively high multiplicity of virus for infection (MOI of 1) and blocked subsequent rounds of infection in cultures from four donors with rsCD4. The degree of asynchronous infection of MDM was measured by comparing the relative abundance of gag viral DNA to that of cellular HLA-DQ-␣ DNA in the presence and absence of blocking concentrations of rsCD4. The amounts and ratios of gag and HLA-DQ-␣ DNA were similar in both treated and untreated MDM cultures and remained relatively constant from 48 h after infection (data not shown), demonstrating maximal synchronous infection of susceptible cells with minimal virus superinfection or spread after initial infection.
MDM and PBL differ in the kinetic expression and splicing of HIV-1 mRNA during acute infection. The splicing of HIV-1 mRNA during acute infection of primary PBL and MDM with Ba-L was investigated (Fig. 2) . A 12-h delay in the first appearance of HIV-1 mRNA from MDM (24 h), compared to that of PBL (12 h; Fig. 2A) , results from the delayed establishment of HIV-1 infection in the former cell type. Both primary cell types expressed the same mRNA species. However, significant differences in the relative abundance of particular isoforms were observed between the cell types during the first 48 h. In MDM, nef-1 (Fig. 1C, 1/7 ), nef-2 (1/5/7), rev-1 (1/4b/7), and tat-1 (1/4/7) were the most abundant spliced isoforms of HIV-1 1.8-kb mRNA at 48 h ( Fig. 2A, right side) . nef-2 and rev-1 appeared simultaneously at 24 h postinfection, and the other tat, rev, and nef multiply spliced mRNAs (Fig.  1C ) were detectable at 48 h postinfection. MDM expressed tat-1 mRNA at a significantly higher level than the other tat mRNAs. In contrast, in the PBL cultures, only a subset of spliced HIV-1 mRNA species, nef-2, rev-1, and rev-2 (1/4a/7), that predominate at 48 h were detected 12 h postinfection ( Fig.  2A, left side) . Other mRNAs prominent in PBL at 48 h postinfection, most notably, nef-1, tat-1, and tat-2 (1/2/4/7), were proportionally underrepresented at earlier time points. PBL synthesized high levels of several other isoforms of nef and rev (i.e., rev-2, rev-3, rev-4, nef-3, nef-4, and nef-5) that were detected at relatively low levels in infected MDM. Similar mRNA profiles were found following infection of cells from six different donors.
Alternative splicing of HIV mRNA during chronic infection in MDM and PBL. We next examined the splicing of HIV-1 mRNA in primary PBL and MDM during chronic infection over a 3-week period (Fig. 3) . Duplicate cultures of MDM or a single culture of PBL from each of two donors were infected (Fig. 3A and B, respectively) peaked at 7 to 10 days after infection (cell donor dependent) and then gradually declined in a uniform manner until day 21, by which time the viability of the lymphocytes had significantly diminished. The time of maximum RNA production in PBL typically preceded the peak of supernatant RT activity by 3 or 4 days (Fig. 3D) . The decline in production of HIV-1 RNA after 7 to 10 days in PBL resulted from a proportionate decrease in HIV-1-infected cells because of both their death and their failure to divide in the culture (42, 62) . This is reflected in virus production from these cells, which declined by days 17 to 21 (Fig. 3D) , although there was still significant expression of the standard pattern of alternatively spliced HIV-1 mRNAs at this time ( Fig. 3A and 4B ).
As observed in acute infection, HIV-1 mRNA accumulated with much slower kinetics in infected MDM than in PBL during chronic infection ( Fig. 3A and B) . In contrast to PBL, both the overall level of viral 1.8-kb mRNA and virus production in MDM continued to increase until day 21 ( Fig. 3A and D) . HIV-1 infection of MDM, which are nondividing, does not result in significant cell death (11) . The slight lag in the detection and the relatively lower abundance of the 4.0-kb mRNA compared to the 1.8-kb RNA in MDM (four times longer Marked alteration of HIV-1 RNA profile as MDM enter a nonproductive phase during long-term infection. We next examined viral RNA processing in MDM that were maintained in culture for 6 weeks following infection (Fig. 4) . We sought to determine whether the diminished production of HIV-1 in MDM after a peak of infection at around 3 weeks was due to an alteration in the profile of spliced viral mRNA. MDM cultures infected with Ba-L produced little or no detectable virus in the supernatant after 28 days (Fig. 4A) and very little viral RNA as determined by Northern blotting of total cellular RNA (Fig. 4B) . Reverse transcription-PCR analysis of the spliced HIV-1 RNA showed that the peak of RT activity coincided with, or slightly followed, the peak in abundance of viral RNA occurring between days 14 and 21 ( Fig. 4A and C) .
It was not until after the peak of productive infection that any variation in the RNA profile was observed. We found a significant decrease in the relative proportion of tat-specific mRNA at times later than 21 days, compared to that of all other alternatively spliced mRNA.
The most striking change in RNA processing during longterm infection of MDM was the dramatic decrease observed in the relative accumulation of tat-1. The tat-1 mRNA was one of the most abundant mRNA species at the peak of infection (Fig. 4C , days 14 to 21) but became a very minor species by the end of the culture period. The decline in tat-1 was coincident with the decrease in productive infection in MDM cultures and was in marked contrast to the continued abundance of the other major species, nef-1, nef-2, rev-1, and rev-2. The decline in each of the tat mRNA species indicates a selective decrease in the viral RNA spliced at SA3, located at the 5Ј end of exon 4. This exon contains the translation initiation site of Tat (Fig.   FIG. 4 . Selective reduction in the abundance of HIV-1 tat mRNA marks the beginning of virus dormancy in MDM during long-term HIV-1 infection. MDM were infected with Ba-L after 5 days in culture, and samples for RNA and virus production were taken approximately weekly for 5 to 6 weeks. (A) Virus production was assessed by determining the virion-associated RT activity in culture supernatants. (B) Northern blot analysis of total RNA from a representative culture. Purified mRNAs from the same culture as in panel A were first standardized with ␤-actin PCR (D), and then equivalent amounts were amplified with primers Odp45 and Odp32 for multiply spliced viral transcripts (C, left side). A similar analysis was performed with MDM infected with NL(AD8) (C, right side). M, molecular size markers (kilobases or base pairs). Results similar to those shown were found for 10 donor MDM populations infected with Ba-L and several others with NL(AD8) and 676 (not shown).
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on July 10, 2017 by guest http://jvi.asm.org/ 1). The selective decrease in tat mRNA species was observed during infection of each of 10 MDM donors with Ba-L and several more with NL(AD8) (Fig. 4C ) and the primary isolate HIV-1 676 (52) (data not shown); however, the relative decrease in tat differed between donors, ranging from 60-fold (Fig. 4) to 10-fold (see Fig. 8 ). This selective decrease in tat species was not observed in lymphocytes in which, after the peak in RNA production at 7 to 10 days, all spliced transcripts declined proportionally until day 21 (Fig. 4A) . As was found in the PBL cultures, the three-exon form of nef mRNA (nef-2) was the predominant viral mRNA expressed throughout the course of infection in MDM, along with the two three-exon forms of rev mRNA (rev-1 and rev-2). The two-exon Nef mRNA (nef-1) was not as prevalent as previously reported (45) . Altered proportions of spliced viral mRNA in long-terminfected MDM is not dependent on the age of the cells. The marked specific reduction in Tat-encoding mRNAs during long-term infection in MDM could conceivably be due to changes induced in the cells by long-term culture. To determine whether this is the case or whether it arises as a consequence of infection, MDM from the same donor were infected with Ba-L at approximately weekly intervals over a 4-week period following isolation of the cells from blood. Samples were then taken weekly for 5 weeks and analyzed for virionassociated RT production and viral mRNA expression as above.
While MDM maintained in culture for a month were still permissive to infection with HIV-1, the amount of virus produced at peak infection was smaller and the kinetics of replication were more delayed with increasing time in culture before infection (Fig. 5A) . When mRNA expression of the major 1.8-kb viral mRNA species over the course of infection was compared between the cells infected at different times after isolation, only the tat mRNAs again showed a pattern that correlated with virus production from the cells, i.e., an initial increase followed by a dramatic decline approximately 1 week before virus production waned. The tat species (tat-1, -2, and -3) again decreased markedly over the final 2 weeks of culture relative to their peak expression level around 3 weeks after infection in this donor, irrespective of when the cells were infected (Fig. 5B) . In contrast, the rev and nef mRNAs remained at similar relative proportions throughout the course of infection. The patterns of viral mRNA expression were remarkably similar regardless of how long after isolation the cells were infected, with only the overall abundance somewhat reduced with increasing time in culture before infection (not shown), correlating with virus production from the cells (Fig.  5A) .
Declining tat mRNA abundance results in dramatically lower Tat protein activity in long-term-infected MDM. To determine if the observed decrease in tat mRNA expression after peak virus production in MDM resulted in a corresponding decrease in the level of Tat activity in these cells, monocytes from three different donors were cultured in 96-well plates and infected 5 to 7 days after isolation. Triplicate wells were then superinfected with recombinant adenovirus vectors containing the firefly luciferase gene under the control of either the wild-type HIV-1 LTR (Ad-HIVluc) or an LTR with TAR deleted (Ad-HIV⌬TARluc) (5) at twice-weekly intervals for 6 weeks. This system is highly responsive to Tat and allows one to determine Tat-specific HIV-1 LTR-mediated gene expression, which increases linearly with increasing levels of HIV-1 infection in a wide variety of cell types (5) . In addition, the Ad-HIV⌬TARluc recombinant virus controls for any effects of adenovirus superinfection that are not due to Tat. Forty-eight hours after addition of the recombinant adenoviruses, the cells were lysed and luciferase activity in the lysates was measured. Luciferase activity in HIV-infected MDM superinfected with Ad-HIVluc, a specific measure of Tat-dependent transactivation of the HIV-1 LTR (19), was very high, peaked 1 to 2 weeks after HIV infection (donor variable), and then declined dramatically over subsequent weeks to near background levels by 2 to 3 weeks (Fig. 6A) . Virus production from the MDM cultures showed a pattern similar to that of Tat activity, except for the expected delay between peak Tat activity and maximal virus production (Fig. 6B ). This delay was between 2 and 7 days, depending on the donor culture. In contrast, the luciferase activity within the lysates from MDM infected with Ad-HIV⌬TARluc, which indicates the level of Tat-independent LTR-driven transcription in the cells, remained relatively constant throughout the course of the infection (Fig. 6A) . This was not due to a lower superinfection efficiency of the Ad-HIV⌬TARluc compared to Ad-HIVluc virus, however, as the luciferase gene levels determined by PCR in the MDM lysates remained similar throughout (Fig.  6C) . Replicate wells of HIV-infected MDM superinfected with either of the recombinant adenoviruses, or to which adenovirus was not added, produced essentially identical HIV growth curves (Fig. 6B) .
Tat activity in infected PBMC cultures from three donors also increased over the first week of infection and then declined gradually over the next week as the cells became less viable and cell numbers decreased because of cytopathicity (Fig. 7A) . This was mirrored by the RT activity in the culture supernatant (Fig. 7B) , with Tat activity again preceding virus production by several days. Despite higher levels of HIV-1 replication in PBMC cultures ( Fig. 6B and 7B ), the peak luciferase activity in these cells was more than 1,000-fold lower than that found in MDM cultures ( Fig. 6A and 7A ), most likely because of the low expression level of the adenovirus receptor on lymphocytes (36) .
Exogenous Tat rescues virus production from long-terminfected MDM. Given the low levels of tat mRNA and Tat protein activity in MDM from about 3 to 4 weeks after HIV infection, the decline in productive infection in these cells might result from suboptimal levels of Tat protein. When Tat protein was added to an MDM culture 2 to 3 weeks after the peak in virus expression at a concentration shown previously to induce HIV-1 production from the latently infected promonocytic cell line U1 (17), a spike in supernatant RT activity was found (Fig. 8A) . RT activity in the culture supernatant began to rise 3 days after Tat addition, peaked at 10 days, and then began to decline again by 14 days (Fig. 8A) . In the absence of exogenous Tat, RT activity declined from low to undetectable levels over the same 2-week period. This reactivation of virus production is likely to be in response to the provision of Tat to cells shown above to have very low Tat activity (Fig. 6A) and not result solely from any lipopolysaccharide (LPS) contaminating the protein preparation since we were unable to induce virus replication from long-term-infected macrophage cultures with LPS treatment (1 ng/ml), despite several attempts (unpublished data). Analysis of 1.8-kb mRNA within MDM again showed a decreased abundance of tat mRNA after the peak of infection. Following the addition of Tat protein, there was no change in the RNA profile from that found in control cells without exogenous Tat (Fig. 8B) . Significantly, the levels of the tat mRNA species remained consistently low.
As found previously with the latently infected U1 and ACH2 cell lines (8, 22, 23) , a similar but lower burst of virus production was induced by the addition of PMA or TNF-␣ to longterm-infected MDM (Fig. 8A) . Activation by these factors occurs, at least in part, through translocation of the transcription factor NF-B to the nucleus (27) and is independent of Tat. 
DISCUSSION
The genome length mRNA of HIV-1 contains many features, such as multiple alternative splice sites and exonic splice enhancers and ESS, that could modulate RNA splicing to change the outcome of viral infection. In this study, we examined the complex splicing profile of HIV-1 mRNA during infection of primary cells of the lymphocyte and macrophage lineages from the first hours of infection through to late times, when virus production wanes. Unlike earlier studies of the kinetic accumulation of HIV-1 mRNAs (31, 32, 45) , the reverse transcription-PCR method that we used could accurately measure the relative proportion of each of the alternative mRNA isoforms. We found that HIV-1 1.8-kb mRNA accumulated 12 h earlier in lymphocytes than in MDM. This comparative delay in MDM agrees with the 12-h delay observed in one study of U937 cells (39) but not the 4-h delay reported in another study (32) . It also agrees with our previous work in which we found that in fully susceptible MDM, compared to freshly isolated monocytes that are resistant to infection, reverse transcription and integration are detectable by 12 and 24 h postinfection, respectively (52) . We determined that a fixed relative proportion of each of the 1.8-kb mRNAs appears simultaneously in MDM. Other studies that employed specific probes (32, 45) concluded that the nef mRNAs were the first expressed during infection; however, our results show that this interpretation stems from the relatively larger proportion of nef mRNA than the rev and tat RNAs. Primary lymphocytes and MDM produced the same array of spliced mRNAs; however, MDM had a lower relative abundance of the minor tat, rev, and nef isoforms that include noncoding exon 2 and/or 3. The most highly spliced nef mRNA, nef-1, was detected with lower abundance during infection of MDM than during infection of PBL and was not readily detected until late time points in a spreading infection of MDM. The requirement for Rev protein explains the delay in accumulation of the 4.0-kb series of HIV-1 mRNA compared to the 1.8-kb mRNAs (16, 20, 29, 34) ; however, a greater delay was evident in MDM than in PBL.
While there were the above-described relatively minor differences between lymphocytes and MDM during the first few weeks of infection, a much more significant difference was found in long-term-infected MDM just prior to and following the peak of viral infection in the macrophages, namely, a dramatic specific decrease in tat mRNAs greater than that found for any of the other spliced mRNAs. This specific decrease in tat was never observed in lymphocytes and was found to occur in macrophages as a consequence of infection rather than cell differentiation or maturation in culture. MDM are predominantly nondividing, and their expression of cellular mRNA, as indicated by the expression of the housekeeping gene ␤-actin, varies little, even over 8 weeks or more in culture, regardless of the HIV-1 status of the cells. Therefore, this specific decrease in tat mRNA was not due to a decline in cell numbers or viability but appears to coincide with the entry of MDM into a state of chronic or persistent infection with minimal virus production (at least at the level of sensitivity of a micro-RT assay). These persistently infected, long-term-cultured macrophages were still capable of producing virus, however, since addition of Tat protein was able to increase virus production from cells, reinforcing the potentially important role of low Tat levels in the long-term, nonproductive HIV-1 infection of MDM. Reactivation of virus production by Tat was achieved without altering the profile of viral RNA splicing from that seen at the time of Tat addition. This suggests that diminished splicing or stability of tat-specific mRNAs during long-term infection of MDM results in insufficient levels of Tat protein for efficient virion production, which is supported by the rapid decrease in Tat activity in these cells, determined with adenovirus vectors, after the first week or two of infection to near background levels in MDM infected for a month or more. As expected, this rapid decrease was not found in infected lymphocyte cultures that continue to produce virus while the cells remain viable.
Several groups examining the chronically infected cell lines U1 and ACH2, which have been used extensively as models of HIV-1 latency (22, 23, 37, 43) , have shown that mutations within tat and TAR, respectively, are responsible for the dormant infections seen within these cells (8, 17, 18) . Analysis of tat cDNAs from U1 cells showed two distinct forms of mutated tat, each represented in one of two integrated DNA copies. One tat cDNA was shown to lack an AUG initiation codon, while the other had a point mutation (H13L) that caused a severe reduction in transcriptional elongation in Tat reporter assays (18) . In a fashion analogous to this report of long-terminfected macrophages, the addition of Tat protein to the culture medium led to activation of HIV-1 production from U1 cells (8) . In contrast, in the ACH-2 cell line, normal activity was not rescued by addition of Tat protein to the culture medium (8) , showing that the point mutation in TAR in these cells was sufficient to explain their transcriptional dormancy (18) .
CEM T cells chronically infected with HIV-1 gradually become latently infected over a 4-to 6-week period. The viral genes influencing the rate of shutdown in these cells were mapped, and the 3Ј region of the LTR was found to be the major determinant and the tat/rev/vpu region was found to contribute to a lesser extent (50) . Since one of the five possible mutations in the LTR affecting HIV shutdown was in TAR, these findings also suggest that disruption of the Tat-TAR transcriptional axis can induce and maintain viral latency. In MDM, mutations in TAR would not explain our findings since the cultures remain responsive to exogenous Tat.
The diminished accumulation of Tat in long-term-infected MDM may result from altered RNA splicing, possibly induced by changes in cellular proteins that bind to the known ESS elements in the tat gene. Such events could reduce the expression of Tat sufficiently to severely disrupt Tat-TAR transcription and shut off virion production. The tat gene contains three ESS elements (ESS2, ESS2p, and ESS3) (2, 30, 57) that require the binding of hnRNPs of the A, B, or H group for their function of inhibiting splicing at adjacent upstream splice sites (9, 14, 30) . These cellular factors and their role in HIV-1 splicing regulation have mostly been identified with HeLa cells. In addition, members of the serine/arginine-rich family of splicing factors have also been implicated in splicing regulation, usually by increasing splicing via exonic splice enhancer elements (59) . Differential antagonism between these positive and negative regulators helps determine alternative exon usage (63) . Although it is likely that such an interplay of these factors is also involved in alternative splicing regulation in macrophages, there is no direct evidence of this, nor whether this balance moves toward suppression of splicing during persistent infection in these long-lived cells.
The observed decline in tat mRNA and, subsequently, Tat activity to suboptimal levels for efficient virus production in macrophages could also be explained by the differential stability of tat mRNA relative to that of other HIV-1 transcripts during long-term infection of these cells. Various cellular genes are known to be regulated by controlling the rate at which their mRNAs decay, providing the cell with flexibility for VOL. 76, 2002 HIV-1 tat AND VIRAL REPLICATION IN MACROPHAGES 12619
on July 10, 2017 by guest http://jvi.asm.org/ rapid changes in their expression. Several cytokine-, growth factor-, and proto-oncogene-encoding mRNAs, such as granulocyte-macrophage colony-stimulating factor, TNF-␣, gamma interferon, interleukin-2, c-fos, c-myc, and c-jun, are regulated by differential RNA stability (reviewed in reference 61), while several viruses, such as herpesviruses and hepatitis C virus, also use this strategy to control the levels and kinetics of viral and cellular gene expression (21, 56) . Whether this is a mechanism used by HIV-1 to regulate its replication in macrophages is not known. Whatever mechanism is responsible for viral shutoff in macrophages, it appears to be induced in response to infection rather than as a consequence of differentiation or maturation of the cells per se. Irrespective of whether MDM are infected with HIV-1 after a week or so in culture, as is the common practice with this culture system, or maintained for a month or more before they are infected, the same pattern of tat mRNA decline several weeks after infection is seen. This might suggest that accumulation in these cells of a particular viral protein or proteins, perhaps Tat itself, leads to cellular changes that affect either the splicing regulation of tat mRNA or its relative stability. The resultant chronically, but nonproductively, infected macrophage may well be significant as a viral reservoir and an important means by which the virus can persist in the body.
Although we have been able to show that HIV-1 persists in peripheral blood monocytes in vivo (54) , evidence of this pattern of chronic infection in monocytes or macrophages from tissue sites of HIV-infected individuals is lacking, most probably because of the difficulty in obtaining sufficient infected cells for such an analysis. We and others have, however, shown that low-level replication does continue in monocytes despite years of effective antiretroviral therapy (54, 64) and have speculated that this reflects continued local replication of HIV-1 in the tissue macrophage reservoir (12, 51) , which is generally considered to be an important source from which virus can rapidly rebound (3, 10, 35) . Our demonstration of this pattern of infection in the most commonly used in vitro model of HIV-1 infection in macrophages suggests that regulation of viral mRNA processing may prove to be an important mechanism by which macrophages become long-lived reservoirs of HIV-1, where dormant or low-level expression of virus assists in the evasion of immune clearance.
Determination of the mechanism of HIV-1 mRNA regulation in macrophages, whether it involves altered splicing or differential stability or another mechanism, may uncover novel therapeutic targets that can be used against these critical cells. Currently available drugs are, at best, poorly efficacious against chronically infected cells, and alternative treatments and approaches are required that will be active against all reservoirs of HIV-1, will restrict viral replication in and transmission from these cells, and will lead eventually to their elimination from the body. In the shorter term, the ability to control replication in macrophages should greatly assist with the problem of rapid rebound after cessation or interruption of even the best currently available regimens.
